Refluxing a toluene solution of Woollins' reagent, WR, with difunctional aromatic substrates (aryldiamines and aryldithiols) leads to a series of novel five-to seven-membered heterocycles 2a-e, 4a, 4b and 6a-c with an E-P(Se)-E' (E, E' = N, S, Se) linkage in 7-98% isolated yields. This method offers a new approach to the library of phosphorusselenium heterocyclic compounds. All new compounds have been characterized by IR, 
Introduction
Following the discovery of seleno-enzymes, selenium-containing compounds have been studied extensively because of their interesting reactivity profile 1 and potential pharmaceutical significance. 2 For example, there has been considerable interest in organoselenium compounds as reagents or intermediates in synthetic chemistry, 3 as heavy atom versions of oligonucleotides and proteins for crystallographic studies, [4] [5] [6] as human metabolites, 7 as cancer-preventative agents 6, 7 and as substrates for biomimetic studies. [10] [11] [12] Typical selenium reagents used for the preparation of organoselenium systems include SeO 2 , PhSeO 2 H, PhSeCl, PhSe -, 1b, 13, 14 selenoethers and phosphine selenides. 15 However, the synthesis of selenium-containing organic heterocycles can be problematic due to the use of these toxic selenium reagents which are often difficult to handle. In recent years, 2,4-bis(phenyl)-1,3-diselenadiphosphetane-2,4-diselenide [PhP(Se)(µ-Se)] 2 , which has been known as Woollins' reagent, WR, has received increasing attention due to its less unpleasant chemical properties and relatively easy preparation, as well as ease of handling. 16 Now it is becoming a very useful selenium source in synthetic chemistry. 17 As part of our studies into the reactivity of WR towards different organic substrates, we have recently reported the facile synthesis of eight-to ten-membered macrocyclic diselenides bearing a P-Se-Se-P linkage. 18 Herein, we described the preparation of a series of novel five-to seven-membered phosphorus-selenium heterocycles via the selenation of a variety of difunctional nucleophilic substrates (aryldiamines, aryldithiol, aminoarylthiol) and their derivates by WR. Four representative X-ray crystal structures are reported.
Results and Discussion
Synthesis of monophosphorus-selenium heterocycles of 2a-e, 4a, 4b and 6a-c
The reaction between WR and two molar equivalents of 1a or 1b proceeded with the rupture of the P 2 (µ-Se) 2 ring to give the five-membered monophosphorus species C 6 H 5 P(Se)(NR 1 C 6 H 4 NR 2 -1,2) 2a (R 1 = C 6 H 5 ; R 2 = H) and 2b (R 1 = R 2 = C 6 H 5 CH 2 ) in 51% and 65% yield, respectively (Scheme 1). The difference in yields of diazaphosphepines suggests that the more substituted the amine, the easier for the completion of its cyclization with WR. This can not be simply explained by the nucleophilic property of the nitrogen, as the C 6 H 5 CH 2 group makes the nitrogen atom of the amine more nucleophilic, but, the C 6 H 5 group has the opposite effect.
Refluxing a toluene solution of WR with two molar equivalents of 1,8-diaminonaphthalene (1c), 1-(2-aminophenyl)naphthalene-2-amine (1d), or 1,1'-binaphthyl-2,2'-diamine (1e) led to the corresponding six-/seven-membered monophosphorus species 2c, 2d and 2e in good yields (68% for 2c, 96% for 2d, and 98%
for 2e) (Scheme 1). In addition to the increasing hyperconjugation effect of the aromatic rings, the reduced strain in the six-or seven-membered ring may contribute to the stability and therefore the yield of the product. 
Synthesis of five to seven-membered N-P(Se)-N heterocycles 2a-e 2a-e were obtained as white or off-white solids, which turned pink in air over several months due to slow decomposition in aerobic conditions. These compounds are soluble in both dichloromethane and chloroform.
All compounds showed the anticipated [M+H] + or [M+Na] + peak in their mass spectra. The elemental microanalyses or accurate mass measurements for all of the compounds were satisfactory. In the 31 P NMR spectra of 2a-c and 2e, the coupling constants are in the region of 810 -842 Hz (J(P,Se exo ), which are considerably lower than those in the non-substituted PhP(Se)(NHC 6 H 4 NH-1,2) (J(P,Se exo ) = 895 Hz). 19 There is a progressive shift to low frequency in δ P in the range of 84. for all compounds were satisfactory. The 31 P NMR spectrum of 6a comprises a singlet at 21.7 ppm, flanked by selenium satellite J(P, Se exo ) = 810 Hz, these values are similar to those in 2a-e. However, theselenium satellites (798 and 390 Hz for 6b, and 819 and 439 Hz for 6c), indicating that there is a P-Se single bond and a P=Se double bond present in these two compounds. This is further substantiated by the 77 Se NMR spectrum, which shows two doublets at 502.6 and -50.9 ppm for 6b, and 386.9 and -26.0 ppm for 6c with coupling constants of J(P,Se) 799 and 390 Hz for 6b, and 820 and 441 Hz for 6c..
Scheme 3. Synthesis of six-membered E-P(Se)-E (E, E' = S, Se) heterocycles 6a-c
It is known that the S-S and S-Se bonds are fairly weak. It is not surprising that WR reacts with 5a-c to
give the E-P(Se)-E heterocycles 6a-c. However, splitting the guanidine group, especially a cyclic guanidine, derived from diamine and cyanogen bromide in dry methanol in the presence of anhydrous sodium acetate, is rather difficult. We found that WR broke the ring of the cyclic guanidine
, and gave 2e in excellent yield (90%) (Scheme 4). The result suggests that WR is a powerful phosphorus-selenation reagent. Their crystallographic data are reported in Table 1 . The X-ray structure of 2a reveals an intermolecular hydrogen bonding interaction between the exocyclic selenium atom and the H atom of the amine nitrogen leading to a dimer pair ( Figure 1 ). Within the hydrogen bonded dimers the Se(1)···H(5N) distance of 2.68(4) Å with N(5)-H(5N)···Se (1) angle of 160(3)° is similar to that in the dimer pairs in the solid state structure of NH(Ph 2 PSe) 2 . 20 For compound 2b, it can be seen from Figure 2 that the molecule has approximate noncrystallographic mirror symmetry. For the structures of 2a and 2b, the five-membered rings (P-N-C-C-N) are essentially planar. The P=Se distances, 2.0927(10) Å for 2c, 2.0804(16) Å for 2b are normal, [21] [22] [23] [24] while the shortness of the P-N bond lengths (1.662(3), 1.690(3) Å for 2a, 1.684(4), 1.678(5) Å for 2b suggests some multiple bond character. The X-ray structures of 2c and 2e whilst allowing confirmation of connectivity could not be refined well because of disorder issues and will not be discussed in detail. The molecular structures of 4b and 6a ( Figures 3 and 4 , Table 1 ) reveal a somewhat different structural motif.
4b has a similar conformation to 2a for the P(Se)SNC 2 heterocycle. The six membered P(Se)S 2 C 3 ring in 6a
has a chair conformation. The exocyclic P(1)-Se(1) bond lengths in 4b and 6a [2.1021(6) and 2.0962(9) Å, respectively] are in good agreement with each other and are consistent with the related selenides containing P V =Se bonds [2.08-2.12 Å]. 19, [21] [22] [23] [24] The internal angle of S(1)-P(1)-S(2) being 102.28(5)° in 6a shows significant distortion from ideal tetrahedral. We note that the internal angle of N (1) In conclusion, we have successfully applied Woollins' reagent, WR, to the synthesis of a series of novel five-to seven-membered heterocycles with an E-P(Se)-E' (E, E' = N, S, Se) linkage from the selenation of difunctional aromatic substrates. Using 1 H, 31 P{1H}, 77 Se{1H} NMR spectroscopy and microanalysis or accurate mass measurements in conjunction with single-crystal X-ray crystallography, the structures of the novel heterocycles have been elucidated.
Experimental Section
Unless otherwise stated, all reactions were carried out under an oxygen free, nitrogen atmosphere using pre- 
X-Ray Structure Determinations
X-ray crystal data for compounds 2a, 2b and 4b were collected at 93 K using a Rigaku MM007 High brilliance RA generator/confocal optics and Mercury CCD system. Data for 6a were collected using the St Andrews Robotic diffractometer (Saturn724 CCD) at 125 K with graphite monochromated Mo-Kα radiation (λ = 0.71073 Å). 25, 26 Intensity data were collected using ω steps accumulating area detector images spanning at least a hemisphere of reciprocal space. All data were corrected for Lorentz polarization effects. Absorption effects were corrected on the basis of multiple equivalent reflections or by semi-empirical methods. Structures were solved by direct methods and refined by full-matrix least-squares against F 2 by using the program SHELXTL. 27 Hydrogen atoms were assigned riding isotropic displacement parameters and constrained to idealized geometries. CCDC XXXXX contain the supplementary crystallographic data for this paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html or from the Cambridge 
